Materials research has driven the development of modern nanoelectronic devices. In particular, research in magnetic thin films has revolutionized the development of spintronic devices 1,2 because identifying new magnetic materials is key to better device performance and design. Van der Waals crystals retain their chemical stability and structural integrity down to the monolayer and, being atomically thin, are readily tuned by various kinds of gate modulation 3, 4 . Recent experiments have demonstrated that it is possible to obtain two-dimensional ferromagnetic order in insulating Cr 2 Ge 2 Te 6 (ref.
. The intrinsic ferromagnetism in these 2D materials is unlike the ferromagnetism in conventional, molecular-beam-epitaxy-grown ultrathin metals 12, 13 , which is determined by the interface with the substrate. This suggests device concepts based on magnetic van der Waals heterostructures [14] [15] [16] . Here we report the discovery of 2D itinerant ferromagnetism in atomically thin Fe 3 GeTe 2 (FGT). As in the case of CrI 3 , intrinsic magnetocrystalline anisotropy in FGT monolayers counteracts thermal fluctuations and preserves the 2D long-range ferromagnetic order, which is otherwise precluded in an isotropic magnetic system according to the Mermin-Wagner theorem 17 . FGT, however, offers a critical advantage: its metallic nature enables the interplay of both spin and charge degrees of freedom that lies at the heart of various spintronic architectures 18 . In this study we focus on the large anomalous Hall effect resulting from such interplay. The anomalous Hall effect enables us to extract the ferromagnetic transition temperature T c , and elucidate the evolution of the magnetic order from bulk down to monolayer FGT. Taking advantage of the tunability of atomically thin crystals, we further show that extreme doping induced by an ionic gate dramatically elevates T c to room temperature, accompanied by large modulations in the coercivity. These results establish FGT as a room-temperature ferromagnetic 2D material in addition to VSe 2 (ref. 19 ), and the gate tunability makes FGT potentially suitable for electrically controlled magnetoelectronic devices.
Various metallic layered compounds exhibit magnetism 20 . Among them FGT stands out with a relatively high T c (ranging from 150 K to 220 K depending on Fe occupancy [21] [22] [23] [24] ). In each FGT mono layer, covalently bonded Fe 3 Ge heterometallic slab is sandwiched between two Te layers (Fig. 1b) . The structure and valence states of the compound can be written as (Te . Adjacent monolayers are separated by a 2.95 Å van der Waals gap in the bulk crystal. As a result of the reduced crystal symmetry of the layered structure, bulk FGT exhibits a strong magnetocrystalline anisotropy 25 . Such anisotropy is expected to stabilize the long-range ferromagnetic order in FGT monolayers.
Experimentally isolating atomically thin FGT crystals from the bulk, however, poses a challenge. Although bulk FGT cleaves along the van der Waals gap, the intralayer bonding is not strong enough for thin flakes of reasonable size (about 5 μm) to survive conventional mechanical exfoliation processes. Similar issues plague the exfoliation of many other layered materials (only a small fraction of known layered crystals is cleavable down to monolayers), and have largely impeded the research on 2D materials in general.
To address this problem, we developed an Al 2 O 3 -assisted exfoliation method that enables isolation of monolayers from bulk layered crystals that are otherwise difficult to exfoliate using conventional methods. Our method was inspired by the gold-mediated exfoliation of layered transition-metal chalcogenide compounds 26, 27 . The fabrication process is illustrated step by step in Fig. 1a . We started by covering the freshly cleaved surface of the bulk crystal with Al 2 O 3 thin film with thicknesses ranging from 50 nm to 200 nm. The film was deposited by thermally evaporating Al under an oxygen partial pressure of 10 −4 mbar. We then used a thermal release tape to pick up the Al 2 O 3 film, along with pieces of FGT microcrystals separated from the bulk. The Al 2 O 3 /FGT stack was subsequently released onto a piece of polydimethylsiloxane (PDMS) upon heating, with the FGT side in contact with the PDMS surface. Next, we stamped the PDMS/FGT/Al 2 O 3 assembly onto a substrate and quickly peeled away the PDMS, leaving the Al 2 O 3 film covered with freshly cleaved FGT flakes on the substrate. Figure 1c displays an optical image of atomically thin FGT flakes on Al 2 O 3 film supported on a 285-nm SiO 2 /Si substrate. Mono-to trilayer regions of FGT are clearly resolved by the optical contrast. The layer identification was corroborated by direct topography measurements with an atomic Letter reSeArCH force microscope; the 0.8-nm steps in the height profile exactly match the FGT monolayer thickness (Fig. 1d, e) . We then fabricated electrodes on FGT thin flakes, either with direct metal deposition through stencil masks or with indium cold welding, for subsequent transport measurements. The entire device fabrication process was performed in an argon atmosphere with O 2 and H 2 O content kept below 0.5 parts per million to avoid sample degradation. Details of the sample exfoliation and electrode fabrication are presented in the Methods. Finally, we point out that even though we focus only on FGT in this study, the method should be applicable to a wide variety of van der Waals crystals. We attribute the drastically enhanced exfoliation capability to higher affinity, as well as increased contact area, between the evaporated Al 2 O 3 film and the freshly cleaved FGT surface.
We study the magnetism in FGT by probing the Hall resistance, R xy , under an external magnetic field, μ 0 H, applied perpendicular to the van der Waals plane. In our samples, which typically have a van der Pauw configuration, the fact that R xy is antisymmetric with respect to the polarity of μ 0 H, whereas magnetoresistance is symmetric, enables us to use a standard symmetrization procedure 28 to separate the contribution of magnetoresistance from the raw Hall voltage data. For a magnetic material, R xy can be decomposed into two parts:
is the normal Hall resistance, and = R R M AH S the anomalous Hall resistance; R 0 and R S are coefficients characterizing the strength of R NH and R AH , respectively, and M is the magnetization.
Crucial information on the long-range magnetic order, which is contained in M, can therefore be extracted from the anomalous Hall resistance.
As the layer number is reduced in FGT flakes, the samples become progressively more insulating (Fig. 1f) , but ferromagnetism persists down to the monolayer. Unambiguous evidence comes from the clear hysteresis in R xy for all FGT thin flakes (with thickness ranging from monolayer to 50 layers; Fig. 2a ) under investigation at low temperatures. Such hysteresis reflects the hysteresis in M; the remanent M at μ 0 H = 0 signifies spontaneous magnetization, and thus the longrange ferromagnetic order. Raising the temperature introduces thermal fluctuations, and ferromagnetism eventually disappears above T c . In Fig. 2b , measurements of R xy show that ferromagnetism in samples with various layer numbers responds differently to thermal fluctuations: at an elevated temperature of T = 100 K hysteresis vanishes in monoand bilayer samples, but survives in thicker crystals. The observation clearly indicates a strong dimensionality effect on ferromagnetism in atomically thin FGT.
To fully elucidate such a dimensionality effect, we precisely determine T c as a function of layer number from the temperature dependence of the anomalous Hall effect. For each sample thickness, we examine the remanent Hall resistance at zero external magnetic field,
, as a function of temperature. According to equation (1) , R xy r is directly proportional to the zero-field spontaneous magnetization
. So the onset of non-zero R xy r indicates the emergence of spontaneous magnetization. The temperature at the onset of non-zero R xy r therefore marks T c (Fig. 2c ) 28 . Analyses of various Letter reSeArCH sample thicknesses reveals that T c decreases monotonically as the samples are thinned down, from about 180 K in the bulk limit to 20 K in a monolayer (Fig. 2d) . The one-order-of-magnitude decrease in T c implies a dramatic reduction in the energy scale of magnetic ordering in 2D FGT. Meanwhile, we also used polar refractive magnetic circular dichroism (RMCD) microscopy to measure layer-dependent T c (Fig. 2d) . We found that T c values from RMCD measurements are consistently higher than those from anomalous Hall effect measurements. Because the anomalous Hall effect probes ferromagnetic ordering in the whole sample (with a typical size of about 100 μm) and RMCD detects local ordering (with a laser beam spot of about 2 μm), the large discrepancy signifies the existence of domains well above the T c from measurements of the anomalous Hall effect. Analysis of Arrott plots (see Methods for details) provides further insights into the domain structure. The plots determine T c by extrapolating high-field data, where domains are fully aligned. T c values from Arrott plots agree well with those from RMCD measurements, which implies that the domain size is of the same order of the beam spot size in our RMCD measurements, that is, about 2 μm.
The strong dimensionality effect on the ferromagnetism in FGT stems from the fundamental role of thermal fluctuation in 2D. The itinerant ferromagnetism in FGT is, in principle, described by the Stoner model 22, 25 . It has, however, been established that such itinerant ferromagnetism can be mapped on to a classical Heisenberg model with Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange 29 . Armed with this insight, we adopt the following anisotropic Heisenberg Hamiltonian:
where S i is the spin operator on site i, and J ij is the exchange coupling between spins on site i and j; A is the single-ion perpendicular magnetocrystalline anisotropy arising from spin-orbital coupling. In the three-dimensional (3D) limit, the density of states per spin for the magnon modes is strongly suppressed, so thermal fluctuations destroy the long-range magnetic order only at a finite T c determined primarily by exchange interactions J ij (ref. implies that the energy scale of J ij (summed over nearest neighbours) in FGT is of the order of 10 meV. In monolayer FGT, however, the largely isotropic exchange couplings J ij (see Methods for detailed ab initio calculations) alone will not be able to sustain magnetic order at finite temperatures because of thermal fluctuations of the long-wavelength gapless magnon modes in 2D. In this case, the magnetocrystalline anisotropy A gives rise to an energy gap in the magnon dispersion. The gap suppresses low-frequency, long-wavelength magnon excitations, and protects the magnetic order below a finite T c determined primarily by A. A monolayer T c up to 68 K (from RMCD measurement) implies an A value of the order of 2.0 meV. The estimations of both exchange interactions and magnetocrystalline anisotropy fall in the range predicted by ab initio calculations 25,30 (see also Methods). The magnetocrystalline anisotropy corresponds to a uniaxial energy density parameter K u on the order of 10 6 J m −3
. The estimated K u is consistent with the value measured in bulk FGT
31
, and is one order of magnitude larger than the perpendicular anisotropy energy density in a 1.3-nm-thick CoFeB film 32 . The large intrinsic perpendicular anisotropy will be important to enable the realization of stable, compact spintronic devices.
Even though T c is suppressed in atomically thin FGT, we now demonstrate that an ionic gate could drastically modulate the ferromagnetism in FGT thin flakes, and boost T c up to room temperature. We employ an ionic field-effect transistor setup, in which solid electrolyte (LiClO 4 dissolved in polyethylene oxide matrix) covers both the FGT thin flake and a side gate 4 (inset to Letter reSeArCH profound change in the ferromagnetism in the FGT thin flake. Figure 3b , c displays the R xy of a trilayer sample obtained at T = 10 K and T = 240 K, respectively. A moderate V g of a few volts induces large variations in the coercivity of the ferromagnetic FGT, and the ferromagnetism, manifested as a finite R xy r , persists at high temperatures under certain gate doping. Indeed, detailed analysis reveals that T c is strongly modulated by the ionic gate, with the highest T c reaching room temperature (T = 300 K; Fig. 3d ). The gate-induced roomtemperature ferromagnetism is also directly observed in a four-layer sample as shown in Fig. 4 . (The room-temperature remanence is low, but this may be improved by, for example, interfacing the sample with an antiferromagnetic insulator.) T c as a function of the gate voltage exhibits a complex pattern: after an initial drop, T c increases sharply to room temperature at V g = 1.75 V. T c peaks again at V g = 2.39 V on top of an otherwise slowly declining trend as the doping level increases ( Fig. 3d ; see Methods for details). The variation in T c is accompanied by changes in the sample conductance, σ xx , obtained at T = 330 K (Fig. 3a) . In particular, the two peaks in T c coincide with sudden increases in σ xx , suggesting changes in the electronic structure as the origin of the magnetism modulation. Finally, we note that the coercivity measured at T = 10 K also roughly follows the variations in T c , as shown in Fig. 3e .
The gate-tuned ferromagnetism in atomically thin FGT is consistent with the Stoner model, which describes itinerant magnetic systems. The Stoner criterion implies that the formation of ferromagnetic order is dictated by the density of states (DOS) at the Fermi level. The extreme electron doping induced by the ionic gate causes a substantial shift of the electronic bands of FGT. Consequently, the large variation in the DOS at the Fermi level leads to appreciable modulation in the ferromagnetism. Detailed calculations support such a picture. Specifically, our calculation shows that gate-induced electrons sequentially fill the sub-bands originating from the Fe d z 2, d xz and d yz orbitals, leading to sharp peaks in the DOS that correspond to the Fermi level passing through the flat band edges of the sub-bands (see Methods and Extended Data Fig. 10a ). Such DOS peaks may be responsible for the sharp increase of T c and the corresponding sudden jump in σ xx . Meanwhile, calculations indicate that change in the average magnet moment per Fe atom is minimal (less than 3%) under charge doping (see Methods and Extended Data Fig. 10b ). This result suggests that the gate-tuned coercivity shown in Fig. 3e may in fact reflect the large modulation in the anisotropy energy, although we cannot rule out effects from domain nucleation that complicates the correlation between coercivity and anisotropy.
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MEthods
Growth and characterization of bulk FGT crystal. High-quality FGT single crystals were grown by the chemical vapour transport method. High-purity elements were stoichiometrically mixed and sealed under vacuum in a quartz tube with a small quantity of iodine (5 mg cm
−3
). The tube was placed into a two-zone horizontal furnace with the hot end at 750 °C and the cold end at 650 °C. Shining plate-like single crystals with typical dimensions of 3 mm × 3 mm × 0.25 mm were then obtained. The phase purity of the sample was examined by a powder X-ray diffractometer (SmartLab-9, Rigaku Corp.) with Cu Kα radiation, and result is shown in Extended Data Fig. 1a . The magnetization was measured by a SQUID magnetometer (Quantum Design MPMS-5), and the result is shown in Extended Data Fig. 1b . Fabrication of FGT thin-flake devices. We used two kinds of substrates for FGT exfoliation: 285-nm SiO 2 /Si wafer and sapphire. For thin flakes on 285-nm SiO 2 /Si wafers (Fig. 1c) , we determined the layer number of the flakes with an atomic force microscope, and correlated the topography image with optical contrast. Here the optical contrast is defined as
, where G sample R and G substrate R are intensity of the reflection (R) on sample and substrate, respectively, in the green channel of the optical image captured with a charge-coupled device (CCD) camera. Excellent correlation between the height profile and the optical contrast has enabled us to determine unambiguously the layer number of exfoliated thin flakes. However, because optical contrast in the reflection is very sensitive to the thickness of the Al 2 O 3 film as a result of optical interference, the optical contrast needs to be calibrated with atomic force microscopy measurement individually for every batch of samples. Such calibration processes usually take a long time. For this reason, we also used sapphire substrates, and determined the layer numbers by optical transmission, which is not sensitive to the The layer-number-dependent optical transmission is well described by the BeerLambert law (Extended Data Fig. 2c ), which enables us to determine the layer number quickly and reliably. We employed two methods to fabricate electrical contacts to FGT thin flakes: (1) direct metal deposition through stencil mask and (2) indium cold welding. We find that direct metal deposition works well for samples with thicknesses larger than two layers, but it tends to degrade the sample quality for thinner samples. We therefore used the cold welding method to fabricate indium microelectrodes on the thinnest flakes. Indium thin foil was first cut into small stripes. A PDMS stamp was then used to hold these stripes, with which we align the FGT thin flake under an optical microscope. We then pressed the indium stripes onto the sample to form electrical contacts, before lifting off the PDMS stamp. The cold welding method works well for FGT thin flakes as small as 20 μm. Extended Data Fig. 2f displays a monolayer device with microelectrodes made by cold welding. A trilayer device made by direct metal deposition is shown in Extended Data Fig. 2i for comparison. Determining T c by Arrott plots and polar RMCD microscopy. In the main text, the T c values for FGT thin-flake devices were obtained from the temperaturedependent anomalous Hall effect. Here we use Arrott plots 34 to independently determine T c . Following a previously described method 35 , we replot the Hall data (such as those shown in Extended Data Fig. 3a-c .
As an example, we show the Arrott plots of a bilayer FGT sample in Extended Data Fig. 3d . The T c values of the bilayer and other thin-flake samples are determined from points where R xy s as a function of T approaches zero (Extended Data Fig. 3e) , and the results are summarized in Fig. 2d . We note that T c values for monolayer samples cannot be extracted from Arrott plots, because the samples are very insulating, and the large normal Hall contribution in R xy prevents a reliable determination of T c .
We also used RMCD microscopy to determine the T c of FGT thin flakes. The same fabrication technique as shown in Fig. 1a was used to make thin-flake samples for the RMCD measurements. At each fixed temperature, we recorded the RMCD signal on each uniform region of the few-layer sample shown in Extended Data Fig. 4a as the magnetic field was swept. (We used a 633 nm HeNe laser with a spot size of about 2 μm to obtain the RMCD signal.) The data are displayed in Extended Data Fig. 4b -e. Clear hysteresis loops in RMCD signal are observed at low temperatures. We extracted the remanent RMCD signal at μ 0 H = 0 from each dataset in Extended Data Fig. 4b-e , and plotted the results in Extended Data Fig. 4f . The T c of FGT flakes with varying number of layers is determined by the temperature where the remanent RMCD signal vanishes. Figure 2d summarizes the T c obtained from anomalous Hall measurements, Arrott plot analysis and RMCD measurements. Although the T c from Arrott plot analysis and RMCD measurements agree with each other, they are consistently higher than that determined from anomalous Hall effect measurements. The discrepancy is as large as about 50 K in few-layer FGT. As discussed in the main text, the large discrepancy signifies the existence of micrometre-sized domains above the T c obtained from anomalous Hall effect measurements. We note that a similar thickness-dependent domain effect was also observed in the charge density wave ordering in 1T-TaS 2 thin flakes. The charge density wave phase transition was observed in optical 36 and transmission electron microscopy measurements 37 , but not detected in transport measurement 37 . Scaling analysis of layer-dependent T c in FGT thin flakes. The evolution from 3D to 2D magnetism in FGT is linked with the critical behaviour at the paramagnet to ferromagnet phase transition. Because T c is the critical temperature where spinspin correlation length diverges, a finite sample thickness limits the divergence of the correlation length, and therefore depresses T c . Analyses of the critical behaviour in large area magnetic thin films [38] [39] [40] show that layer-number-dependent T c (N) follows a universal scaling law as the sample thickness approaches the 2D limit:
, where T c (∞) denotes T c of the bulk crystal. The critical exponent λ ν = / 1 reflects the universality class of the transition; N 0 is the critical layer number defined by the mean spin-spin interaction range. Analyses [40] [41] [42] [43] also reveal that the power law is replaced by a linear relation when the film is thinner than the critical value, that is, ≤ N N 0 . N 0 , therefore, marks the boundary that separates 2D magnetism and 3D magnetism in ultrathin ferromagnets. The scaling law fits well to the T c (N) measured in FGT as shown in Extended Data Fig. 5 (here we fitted the highest T c determined by R xy r for each sample thickness). The fit yields a critical layer number of = . ± .
N 3 2 0 6 0 and a critical exponent of λ = . ± .
2 3 0 8. We also confirmed that the linear relation well describes our data in the thinnest samples ( ≤ N 3; see Extended Data Fig. 5 ). We note that N 0 obtained in FGT is comparable to that in the magnetic thin films 12, 40, 43 . Meanwhile, λ is consistent with values expected from mean field model (λ = 2), 3D Ising model (λ = 1.587), or 3D Heisenberg model (λ = 1.414); more accurate determination of T c is required to resolve the universality class of bulk FGT. Magnetic anisotropy of atomically thin FGT devices. We investigate the magnetic anisotropy of a four-layer FGT flake with angle-dependent anomalous Hall measurements. When a perpendicular magnetic field is applied (θ H = 90°; θ H is the tilt angle between the magnetic field and basal plane of the sample), the square hysteresis loop indicates an out-of-plane magnetic anisotropy. A large in-plane field (μ 0 H > 2.6 T; θ H ≈ 0°) forces the magnetization to the in-plane direction; R xy vanishes because it is proportional only to the out-of-plane component of the magnetization (Extended Data Fig. 6a ). As the in-plane magnetic field decreases, however, R xy acquires a finite value, implying that the magnetization is tilted towards the out-of-plane direction. The fact that the remanent Hall resistance R xy r at θ H ≈ 0° does not reach the value at θ H = 90° suggests the existence of domains in this four-layer FGT sample.
To eliminate the effect of domains, we analyse the angle-dependent anomalous Hall effect at a high magnetic field of μ 0 H = 3 T. The high field aligns the domains at all tilt angles (Extended Data Fig. 6a) , so the whole sample is effectively a single domain. We extracted the R xy value at μ 0 H = 3 T at various tilt angles, and calculated the angle between magnetization and the basal plane, θ M , as a function of θ H , using the formula: The out-of-plane magnetic anisotropy is corroborated by angle-dependent R xy measurements near T c . Here we applied external fields at θ H = 20° and θ H = 90° at 150 K (around 5 K above the T c determined by anomalous Hall measurements in the same sample). We observed that for magnetic fields tilted to a nearly in-plane direction (θ H = 20°), R xy decreases with the field strength in the high field regime (μ 0 H > 1 T), in contrast to the upward trend in R xy as the magnetic field is applied perpendicularly (θ H = 90°; Extended Data Fig. 6b ). Because the anomalous component of R xy is proportional only to the out-of-plane magnetization, our observation implies that the magnetization is pinned in the out-of-plane direction at small magnetic fields, and is pulled towards the in-plane direction only in the high field regime.
Finally, we extract an estimation of the magnetic anisotropy energy density by fitting the data shown in Extended Data Fig. 6c with the Stoner-Wohlfarth model 44 . The total energy of the system is:
Letter reSeArCH where K u is the magnetic anisotropy energy density, and M s is the saturation magnetization per volume. At equilibrium:
The above equation determines the relation between θ M and θ H , which we used to fit the experimental data shown in Extended Data Fig. 6c (solid Ionic gating of atomically thin ferromagnetic FGT devices. We determine the T c of the FGT trilayer under ionic gating (Fig. 3 ) from anomalous Hall measurements. Specifically, we recorded R xy as a function of T when the sample is cooled down in the presence of an infinitesimal magnetic field μ 0 H 0 = 0.01 T applied in the out-of-plane direction. Because the normal part of the Hall resistance is negligible at such a low field, the anomalous Hall resistance is obtained as The normal Hall resistance R NH proportional to the external magnetic field manifests as a linear background in R xy at high fields where the anomalous Hall resistance saturates. We were therefore able to obtain the Hall coefficient R H as the slope of the line fits to the high-field part of R xy (μ 0 H) shown in Fig. 3c . Extended Data Fig. 7d displays such line fits at three representative gate voltages, and the inverse of eR H is plotted as a function of V g in Extended Data Fig. 7e (here e is the charge on the electron). We observe that the inverse of eR H as a function of V g follows exactly the behaviour of T c (Extended Data Fig. 7c ). Because R H is determined by the electronic structure on the Fermi surface 45 , our observation unambiguously links the gate-induced magnetic response to changes in the Fermi surface, and provides additional support for the Stoner model discussed in the main text. Finally, we caution that here one cannot directly extract the carrier density from the inverse of eR H as in the case of semiconductors. The Fermi surface of a multiband metal such as FGT is very complex, and the inverse of eR H is in general not related to the carrier density.
We determined that the fundamental mechanism underlying the ionic gating in this study is gate-controlled intercalation of lithium ions. Clear evidence came from the fact that the ionic gate uniformly modulates the trilayer FGT as shown in Fig. 3 . Such a large modulation depth is only possible with ion intercalation; electrostatic gating would have been almost completely screened by the first atomic layer, resulting in nonuniform gating in the out-of-plane direction. The thickness dependence of the gate modulation provides additional evidence for intercalation mechanism. The resistances (normalized by the value at V g = 0 V) of three samples with varying thicknesses under gate modulation are displayed in Extended Data Fig. 8 . The fact that a resistive state is induced in all three (initially metallic) samples implies that the gate modulation depth can be as large as 70 layers. This result is unambiguous evidence that ion diffusion, not the electrostatic field, is at work.
The intercalation mechanism is further corroborated by the reversibility of the magnetic response under ionic gating. As shown in Extended Data Fig. 7c , the gate-induced high-T c state reverts to the initial low-T c state once the gate voltage is swept back. Such reversibility indicates that the gate-intercalated ions do not chemically react (that is, form chemical bonds) with the crystal, which is consistent with results from gate-controlled intercalation of other layered crystals [46] [47] [48] . We note that the reversibility of ionic gating is also confirmed by the measurement of the Hall coefficient R H shown in Extended Data Fig. 7e . The ultrathin specimen did suffer from sample degradation, which resulted in a large background in the sample resistance (Extended Data Fig. 7b ) during the down-sweep of the gate. Such degradation was expected because ultrathin FGT was shown to be sensitive to the trace amounts of O 2 and H 2 O present during gating. First-principles calculations of electronic and magnetic properties of bulk FGT. First-principles calculations were carried out based on density functional theory (DFT) 49, 50 as implemented in VASP code 51 with a plane wave basis set 52, 53 . Spinpolarized Perdew-Burke-Enzerhof generalized gradient approximation (GGA) 54 and local density approximation (LDA) 55 were used as the exchange-correlation functionals. We also tested the on-site Coulomb interaction with different effective Hubbard U. The correction of van der Waals interactions, namely the DFT-D3 method with Becke-Jonson damping 56, 57 , was included in all our calculations. The energy cutoff of the plane-wave basis set was set to 400 eV. The bulk crystal lattice constants were obtained by fully relaxing the primitive cell to be stress-free with a 17 × 17 × 4 gamma-centred k-point mesh. The k-point sampling was up to 17 × 17 × 1 and 4 × 4 × 2 for slabs and bulk supercell calculations, respectively. The slabs were separated by a vacuum of at least 15 Å. We performed careful convergence tests for all of the settings aforementioned. The LDA functional yields a magnetic moment of 1.424μ B per Fe site, which agrees with experimental observations 22,23,58 (LDA+U, GGA and GGA+U functionals yield magnetic moments of more than 2μ B per Fe site). The result is consistent with previous theoretical studies 25 . We therefore mainly use LDA with spin-orbit coupling to calculate the exchange coupling strength as well as the single-ion anisotropy A.
We adopted the energy mapping method 59, 60 to obtain the Heisenberg spin exchange constants J from first-principles calculations. Here we used a 3 × 3 ×1 bulk supercell to extract all six-intralayer J x (or J y ) and four-interlayer J z . Detailed illustrations of configurations for different J values are shown in Extended Data Fig. 9a and b . Following the algorithm proposed in ref. 59 , we calculated the anisotropic spin exchange in a monolayer 3 × 3 ×1 supercell. All the calculation results are summarized in Extended Data Fig. 9c . The intralayer couplings are approximately one order of magnitude larger than the interlayer couplings. Meanwhile, ferromagnetic order is strongly favoured for both in-plane and out-of-plane configurations, owing to the large number of hopping sites that favour ferromagnetic coupling (negative J values).
Next, we investigate the magnetic anisotropy in a monolayer. The exchange parameters for in-plane and out-of-plane are comparable, with the out-of-plane ones slightly larger. The single-ion anisotropy A is defined as the energy difference between all magnetic moments along the easy-axis (the z direction) and along the hard-axis (the x or y direction) in the layer. We found that the single-ion anisotropy A was 1.11 meV per μ B for both bulk and monolayer FGT.
Finally, we estimate the effect of electron doping on the Fe magnetic moments. Extended Data Fig. 10a Here n is the number of neighbouring sites. Taking the effective J parameters from LDA calculations, and choosing S = 5/2 as the magnetic moment of single Fe I 3+ ion, we can estimate the T c of bulk FGT to be about 233 K. Meanwhile, choosing S = 2 as the magnetic moment of single Fe II 2+ ion leads to a bulk T c value of about 160 K.
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